Collagen structure in biological tissues imparts its intrinsic physical properties by the formation of several covalent crosslinks. For the first time, two major crosslinks in the skin dihydroxylysinonorleucine (HLNL) and histidinohydroxymerodesmosine (HHMD), were isotopically labelled and then analysed by liquid-chromatography high-resolution accurate-mass mass spectrometry (LC-HRMS) and small-angle neutron scattering (SANS). The isotopic labelling followed by LC-HRMS confirmed the presence of one imino group in both HLNL and HHMD, making them more susceptible to degrade at low pH. The structural changes in collagen due to extreme changes in the pH and chrome tanning were highlighted by the SANS contrast variation between isotopic labelled and unlabelled crosslinks. This provided a better understanding of the interaction of natural crosslinks with the chromium sulphate in collagen suggesting that the development of a benign crosslinking method can help retain the intrinsic physical properties of the leather. This analytical method can also be applied to study artificial crosslinking in other collagenous tissues for biomedical applications.
Introduction
Collagen type I is the main component of many loadbearing tissues including skin, bone, tendons, ligaments and dentin in teeth [1] . The biomechanical strength of tissue depends on the organisation of collagen molecules in the fibrils and fibres, which is controlled by the types and amount of proteoglycans and stabilised by covalent crosslinks [2, 3] . Covalent crosslinks are formed between two or three collagen molecules during the fibrillogenesis step of the biosynthesis of collagen [2] . The biosynthesis of collagen starts in the fibroblast cells by the formation of procollagen chains, followed by the oxidation of specific lysine and proline residues into hydroxylysine and hydroxyproline, respectively [1] . Glycosylation of specific hydroxylysine residues occurs, and the collagen molecule is secreted into the extracellular space [1] . Further modification by lysyl oxidase convert lysine and hydroxylysine residues to allysine and hydroxyallysine aldehydes respectively, which initiate spontaneous condensation with other amino acid precursors to form covalent crosslinks between collagen molecules [1] .
Several types of naturally-occurring covalent crosslinks have been identified in different collagenous materials, including dehydrodihydroxylysinonorleucine (deH-DHLNL), deoxypyridinoline (DPyr), pyridinoline (Pyr), dehydrohydroxylysinonorleucine (deH-HLNL), histidinohydroxylysinonorleucine (HHL) and histidinohydroxymerodesmosine (HHMD), in which deH-HLNL, HHL and HHMD are the major crosslinks in the collagen from skins and hides [2] [3] [4] . These crosslinks can be classified as reducible and non-reducible [2] . The reducible ones have aldimine bonds that are susceptible to acidic pH, which can be stabilised by reduction using sodium borohydride (NaBH 4 ) [5, 6] . Depending on the applications, artificial crosslinkers are used to modify the mechanical properties and denaturation temperature of collagenous materials to meet with different purposes [2, 7] . The intermolecular structure of collagen is intrinsically stabilised by the natural crosslinks, however, can also be affected during chemical crosslinking [8] [9] [10] . One of the largest industrial applications of skins is the manufacturing of leather, which involves both organic and inorganic crosslinking reagents to increase the denaturation temperature and retain its flexibility and organoleptic properties close to the original skins [7] . Chromium sulphate was reported to change the collagen structure significantly while causing a decrease in the overall quantity of natural crosslinks in skin, which would potentially deteriorate the mechanical strength of the final product [10] . The development of insightful analysis of the natural crosslinks in skin collagen and its interaction with artificial crosslinks is therefore, beneficial for the development of greener processing technologies.
Several methods have been developed to analyse collagen crosslinks, including isotopic labelling [11, 12] , chromatography [4, 6, 13, 14] and spectroscopy [15] [16] [17] [18] . Although there are a large number of methods for crosslink analysis, only one method has been successfully applied for the characterisation and quantitative analysis of all known natural crosslinks in collagen using liquidchromatography coupled with high-resolution accuratemass mass spectrometry (LC-HRMS). This method allows for high-resolution detection of the monoisotopic mass of deH-HLNL, HHL and HHMD the major skin crosslinks [3-6, 10, 19] ..
The structure of collagen has been analysed using small-angle neutron scattering (SANS) based on contrast variation between hydrogen and deuterium, as the coherent neutron scattering length (b coh ) of deuterium (b coh = 6.671 fm, fm = 10 − 15 m) is largely different from hydrogen (b coh = − 3.739 fm) [20] [21] [22] [23] [24] [25] [26] . White et al. reported the first neutron diffraction of collagen using rat tail tendon in H 2 O and D 2 O [21] . Wess et al. deuterated deH-DHLNL in rat tail tendon using NaBD 4 to study the position of the crosslinks in combination with a proposed collagen model [22] . Other studies included the labelling of deH-DHLNL in tendon and bone to study the collagen structure using neutron diffraction [12, [22] [23] [24] [25] .
To understand the effect of natural crosslinks on the collagen structure of skin we need to understand the interactions between natural and artificial crosslinks. In this work, we have for the first time analysed two major reducible crosslinks (deH-HLNL and HHMD) in skin as well as their deuterium-labelled form, using a combination of LC-HRMS and SANS. This analytical method can also be applied to other collagenous biological tissues to further understand the crosslinks, and help improve the sustainability of the manufacturing industry. Raw sheep skin sections were treated for 24 h with 3% (wt.% of the skin, same below) sodium borohydride, sodium borodeuteride or kept untreated, named as reduced, labelled and control, respectively. Samples were collected after the reduction reaction ("Raw" stage) and the rest were processed through the following steps: (i) unhairing; (ii) pickling (acidifying); (iii) degreasing; (iv) crosslinking. Detailed processing methods were described in the Supporting Information (Additional file 1). Samples were collected at step ii ("Pickled" stage) and iv ("Crosslinked" stage). All samples were kept at 4°C prior to further analysis.
Analysis of collagen crosslinks by liquidchromatography high-resolution accurate-mass mass spectrometry (LC-HRMS)
Natural crosslinks in skin samples were analysed based on a previously published method by Naffa et al. [6, 27] Briefly, dry samples were weighed (20-40 mg) and rehydrated in a 1 mL of phosphate buffered saline (0.15 M sodium chloride, 0.05 M sodium phosphate pH 7.4). Control samples were analysed both as-prepared and stabilised (named as "stabilised control"). For stabilising the control samples, sodium borohydride (NaBH 4 ) was dissolved in 1 mM sodium hydroxide at 4°C then added to give a (1:30) ratio of sodium borohydride to dry skin and incubated at 25°C for 24 h. The reduction was stopped by adjusting the pH to 3.0 using glacial acetic acid then reduced samples washed three times with water and lyophilized. The lyophilized reduced samples were hydrolysed in 3 mL of 6 M HCl containing 3% phenol at 105°C for 24 h and the resulting hydrolysates were then dried and rehydrated in 2 mL of water. Prior to extraction of the crosslinks using CF-11 column, 20 μL was removed from each sample for hydroxyproline analysis. The remaining samples were subjected to CF-11 column to remove the free amino acids and retain the crosslinks. Crosslinks were eluted by water which was removed by SpeedVac (SavantTM SPD131DDA, ThermoFisher). The dried crosslinks were then dissolved in 1.0 mL of water. Samples were injected into a Cogent Diamond Hydride HPLC column (150 mm × 2.1 mm; particle size, 2.2 μm; pore size 100 Å) purchased from Microsolv Technology, Leland, NC, USA. Water was solvent A and 80% (v/v) acetonitrile in water was solvent B both containing formic acid (0.1% v/w). Gradient elution program started with 90% of solvent B in 0 min, 5% of solvent B in 2 min then returned to 90% of solvent B at 5.0 min and column was equilibrated for 5.0 min prior to next injection. Total run time was 10 min, flow rate was 0.3 mL/min, and column temperature 25°C.
Crosslinks eluted from the column were detected using Q-Exactive hybrid quadrupole-orbitrap high-resolution accurate-mass spectrometry (Thermo Fisher Scientific, San Jose, USA). A positive ion mode was used with capillary temperature of 320°C and auxiliary gas heater temperature of 350°C. The spray voltage was + 3.3 kV, sheath gas pressure was 10 arbitrary units (a.u.) and the flow rate of sheath gas (N 2 ) was 10 (a.u.). The total ion chromatograms (TIC) produced were examined and quantitation was carried out using Thermo Xcalibur 3.0 software (Thermo Fisher Scientific, San Jose, USA). Hydroxylysinonorleucine (HLNL), histidinohydroxylysinonorleucine (HHL) and histidinohydroxymerodesmosine (HHMD) concentrations were determined then normalized to the collagen content of the sample which was calculated based on their hydroxyproline content [27] [28] [29] .
Small-angle neutron scattering (SANS)
SANS experiments were performed on the QUOKKA instrument [30] at the OPAL reactor (Australian National Science and Technology Organisation, Lucas Heights, Australia). To interrogate length-scales of interest a range of scattering vectors, q, 8 × 10 − 4 < q < 0.4 Å − 1 , where q = (4π/ λ)*sinθ, λ is wavelength of the neutrons and 2θ is the scattering angle were probed using 3 different instrument configurations: The size of neutron beam was 10 mm in diameter for all measurements. Skin samples were cut into squares with size of 10 × 10 mm and kept hydrated in quartz cells (1 mm in thickness, 20 mm in diameter) for the measurements. The isotropic 2D SANS data was reduced to an absolutely scaled 1D form using the NIST SANS reduction Fig. 1 Proposed reduction mechanism of the three natural crosslinks in collagen using NaBH 4 or NaBD 4 . a The C=N double bond in deH-HLNL is reduced to CH-NH or CD-NH in HLNL or D-HLNL, respectively. b The C=N double bond in deH-HHMD can be reduced to form HHMD. However, the existence of deH-HHMD in vivo is yet debatable; it may be composed from deH-HLNL, histidine and allysine ex vivo during reduction. c HHL is not reducible (no reaction with NaBH 4 or NaBD 4 ). Theoretical molecular weight is calculated and presented below each molecule [34] [35] [36] macros [31] in the Igor software package (version 6.3.7.2, Wavemetrics, USA) adapted for the QUOKKA instrument. The reduced 1D data was analysed using an inhouse developed fitting software [32, 33] . The relative diffraction peak intensities were calculated as R i/j = A i /A j , where A i and A j is the area of peak i and j. Further information about SANS data analysis was described in the Supporting Information (Additional file 1).
Results and discussion
3.1 Characterization of natural crosslinks in skin collagen: isotopic labelling using NaBD 4 and mechanism of HHMD formation
The proposed mechanisms of the isotopic labelling of natural crosslinks are listed in Fig. 1 [34] [35] [36] . When treated with NaBH 4 , the C=N double bond in deH-HLNL will be transformed to a CH-NH single bond in HLNL (Fig. 1a) , which imparts improved stability in acidic conditions to the crosslinks [26, 37, 38] . Similarly, NaBD 4 reduction results in a labelled single bond (CD-NH) with one deuterium atom attached to each molecule [12] . The mechanism of the formation of histidinohydroxymerodesmosine (HHMD) although contentious has been proposed to follow either ( Fig. 1b) : (a) formed by the reduction of C=N double bond of dehydrohistidinohydroxymerodesmosine (deH-HHMD) existing in vivo [34] [35] [36] ; (b) formed from precursors ex vivo during reduction. The deH-HLNL, histidine and allysine form HHMD through Michael addition under basic conditions during NaBH 4 reduction [34] [35] [36] . Therefore, the labelling with NaBD 4 will allow us to verify the proposed mechanisms for HHMD. Histidinohydroxylysinonorleucine (HHL) (Fig. 1c ) does not contain a reducible C=N double bond, so no reaction is expected to occur between HHL and NaBH 4 or its deuterated form. The mass spectra of HLNL, D-HLNL (D-, prefix for deuterated molecules, same below), HHMD, D-HHMD and HHL are presented along with the molecular structures (Fig. 2) . The deuterium-labelled natural crosslinks in skin collagen were isolated and detected to confirm their structures. For HLNL and D-HLNL, the theoretical masses were 291.1865 Da and 292.1928 Da, showing exact matches with the experimental monoisotopic masses, i.e., 292.1866 m/z (z = 1, same below) for HLNL and 293.1928 m/z for D-HLNL (Fig. 2a) . The mass difference between HLNL and D-HLNL confirms the presence of one C=N double bond in deH-HLNL (theoretical monoisotopic mass: 288.1683 m/z) that can be reduced by NaBH 4 or NaBD 4 . This is also in excellent agreement with previous reports, where Bailey et al. reduced deH-HLNL using sodium borotriteride (NaBT 4 ) and partially identified it by mass spectrometry [26, 39] . The results for HHMD and D-HHMD also indicated the successful labelling of HHMD ( Fig. 2b) : mass spectra showed 574.3196 m/z for HHMD and 575.3255 m/z for D-HHMD, while the calculated monoisotopic masses being 573.3201 Da and 574.3255 Da, respectively. Although the in vivo structure of HHMD remains debatable, this observation has made a solid step forward to the understanding of HHMD crosslink. The variance of experimental masses between HHMD and D-HHMD revealed that, only one double bond is reducible during the formation of HHMD. This means that, it could be an intact molecule with one C=N double bond in vivo (deH-HHMD) or, amongst the possible groups of precursors, there is only one reducible C=N double bond in each group. Our finding also agrees with the three-precursor mechanism proposed by Eyre et al., suggesting a threestep mechanism: (i) base-catalysed aldol addition between allysine and deH-HLNL to form an α, β-unsaturated aldimine; (ii) base-catalysed Michael addition between the aldimine and histidine; (iii) reduction of the aldimine crosslink [34] .
On the other hand, as a non-reducible crosslink, the unreacted HHL was confirmed by the equivalent monoisotopic masses of ionized HHL (445.2405 m/z and 445.2408 m/z) from both NaBH 4 and NaBD 4 treated samples ( Fig. 2c) . Mass spectra were also collected from control samples without further stabilisation, and the peaks were found similarly strong for HHL crosslink, however both HLNL and HHMD were much lower (Fig. 3) . This confirmed the susceptibility of the C=N double bond in reducible crosslinks to acid hydrolysis during mass spectrometry sample preparations. Based on the highresolution mass spectral results, the natural crosslinks can be quantified to provide detailed information about their changes during processing, which in turn affects the collagen structure and skin properties significantly.
Quantification of natural crosslinks in skin collagen: relationship with pH and crosslinking conditions
The quantity of natural crosslinks was calculated from the integrated peak areas of the high-resolution mass spectra using our previously published protocols [6] , and compared across each processing stages (Fig. 3) . In the control samples, reducible crosslinks (HLNL and HHMD) were almost eliminated due to the severe acidic (See figure on previous page.) Fig. 2 Mass spectra of reduced and labelled crosslinks. a An increase in mass by~1 Da is observed in D-HLNL in comparison to HLNL, showing that there is one deuterium attached to each molecule. b Similarly, HHMD also shows a difference of~1 Da compared to D-HHMD. c HHL is not reducible and confirmed by similar mass spectra from both NaBH 4 and NaBD 4 treated samples. The experimental mass of ionized fragments was presented with each peak and with the corresponding crosslink structure condition during the hydrolysing step of the sample preparation for LC-HRMS analysis ( Fig. 3a and b) . Therefore, NaBH 4 reduction was added to the sample preparation step prior to the hydrolysis of control samples, to stabilise the crosslinks for quantification at difference processing stages. The stabilised control sample showed a decrease in the amount of HLNL and HHMD from raw to pickled stage as expected, because of the low pH (1.5-2.0) conditions during pickling (acidification). After chrome tanning, the natural crosslinks decreased again, which is in agreement with our previous observation [10] . For NaBH 4 reduced and NaBD 4 labelled samples, both HLNL and HHMD remained intact during the pickling step, indicating the uniform penetration during the reduction and stabilisation step through the skin matrix ( Fig. 3a  and b ). No decrease in quantity was observed for the HHL during pickling as it is stable in acidic conditions (Fig. 3c ). However, chrome tanning causes a decrease in the quantity of all three natural crosslinks. During chrome tanning, the carboxylate (−COO − ) groups of aspartic (Asp) and glutamic (Glu) acid residues of collagen are bonded covalently [7] , causing significant structural changes in collagen [40, 41] . Similarly, the removal of structure stabilizing natural crosslinks can also cause changes in the collagen structure [3, 42] . The interaction between natural and artificial crosslinks can therefore be studied by analysing the structural changes of collagen. Using neutron scattering technique, the contrast variation between NaBD 4 labelled and NaBH 4 reduced crosslinks will highlight the changes caused by these crosslinks. Also, since the contribution of chromium (b coh = 3.635 fm) to the coherent neutron scattering length density is much lower than carbon (b coh = 6.646 fm) and deuterium (b coh = 6.671 fm), it doesn't dominate the intensity of the diffraction signal as which in X-ray scattering analyses, enabling us to resolve the structural variations of collagen relating to the natural crosslinks [20, 43] .
Structural analysis of skin collagen: interplay between natural and artificial crosslinks
For the SANS analysis, samples were collected at similar stages to the corresponding natural crosslink analyses. Fig. 3 Concentration of natural crosslinks in skin sample at different processing stages. a, b Control samples measured as-prepared showed no HLNL and HHMD due to the strong acidic condition during hydrolysing step of sample preparation (to quantify HLNL and HHMD in control samples, stabilisation using NaBH 4 prior to acid hydrolysis is required). HLNL and HHMD in stabilised control showed decreases in quantity when processed from raw to pickled stage. Further decreases were observed from pickled to crosslinked stage. c HHL can be observed in control, reduced and labelled skin samples, with no decrease during pickling but a significant decrease when crosslinked The characterisation and quantification of natural crosslinks using LC-HRMS showed consistent trends for reduced compared to labelled skin samples, which allows us to highlight their contribution to structural changes of skin collagen, based on contrast variation between deuterium and hydrogen. Typical SANS patterns of collagen were observed from our skin samples (Fig. 4a ). The diffuse feature (3 × 10 − 3 < q < 7 × 10 − 3 Å − 1 ) is assigned to an instrumentally smeared form factor oscillation originating from the collagen fibrils, while the rings are well resolved to the long-range ordered intermolecular axial packing of collagen. Collagen in skin is less oriented compared to tendon and thus exhibits diffraction rings instead of narrow bands [21] . Radial averaging of all directions around the centre of the neutron beam resulted in the q-plots (Fig. 4a) , followed by the fitting of the baseline and the peaks for intensities. Excluding the diffraction peaks, while the low q region (blue and red line) can be attributed to the form factor scattering, the plot at high q region (green line) was almost flat. The high background scattering is due to the significant incoherent scattering of hydrogen in the water molecules in fully hydrated leather samples [43] . The 1st order diffraction of skin collagen is observed to be much stronger than the 3rd and 5th order, similar to tendon collagen [12] . The distinct peaks (1st and 3rd) were then normalised and averaged to represent the overall neutron diffraction intensity of the collagen samples (Fig. 4b) . Such intensity changes can reflect multiple factors of the collagen structure: the scattering contrast in the matrix, the distribution of nuclei, and the long-range regularity of the repeat unit [20] . The overall intensity in the labelled samples were constantly higher than that of control and reduced samples (Fig. 4b) , indicating an enhanced scattering contrast due to the introduction of deuterium into the matrix [43] . From raw to pickled skins, normalized peak intensity decreased in all samples. This may be related to the removal of noncollagenous component within the collagen matrix during the treatments, leading to a more disordered collagen structure thereby increasing the destructive interference of the coherent neutron scattering [2, 44] . After Cr crosslinking, normalized peak intensity showed another decrease across all samples. It suggested a connection between the disrupted intermolecular structure and the sharp decrease in quantity (60 to 80%) of the natural crosslinks during this processing step. Fig. 4 Results from SANS analysis on skin samples. a 2D SANS scattering pattern of collagen in non-reduced raw skin collected at sample-to-detector distances of 2 m, 14 m and 20 m. The corresponding 1D q-plots obtained by radial averaging of the azimuthal intensity of the 2D patterns are also shown. The diffraction peaks from collagen in skin were labelled by orders (1st, 3rd and 5th). b Average of normalised intensity of the 1st and 3rd order diffraction peaks decreased from raw to crosslinked stage. c Relative intensity of the 3rd to 1st order diffraction peaks (R 3/1 ) decreased from raw to pickled stage while showing different trends from pickled to crosslinked stage between labelled and non-labelled skin samples The changes in diffraction peak intensities of collagen are further investigated as their relative intensity to understand the crosslinking events ( Fig. 4c) [12, 45] . During the pickling process, skin samples were treated with salt and acid, leading to a more compact molecular structure according to the decreased axial packing periodicity (Dperiod) of collagen ( Table 1 ). The intermolecular structure changes were also observed as the decreased relative intensity of the 3rd to 1st order diffraction peaks (R 3/1 ). Decrease in pH would disrupt the electrostatic environment for hydrogen bonding of the amino acid residues in collagen molecules, resulting in the variations of the intermolecular organisation [46] . When crosslinked, the amino acid residues in telopeptidyl region would be covalently bonded and the axial gaps between molecules were found to expand (Table 1) . This is consistent with previous observations [10] . However, the labelled sample exhibited an opposite trend in R 3/1 compared to the reduced sample and the control sample (Fig. 4c ). This implies a strong interference of Cr on the natural crosslinks, highlighted by the contrast between deuterium labelled vs. non-labelled natural crosslinks [47] . The mechanism remains unclear, but it is indirectly supported by the decreasing trend in the detectable quantity of the natural crosslinks (Fig. 3) . The positive effects on the property of skin by the natural crosslinks may therefore be "masked" by a destructively high offer of artificial crosslinkers, leading us to reconsider about optimising the processing method in the industry to achieve improved properties in the final product.
Conclusions
A combination of quantitative (LC-HRMS) and structural (SANS) analysis was used to study the natural crosslinks (HLNL, HHMD and HHL) in collagen during the processing of skin into leather. HRMS results showed a 60-80% decrease in the concentration of natural crosslink due to the artificial crosslinking using chromium sulphate. This is also supported by the different trends of the changes in SANS peak intensities between labelled and non-labelled natural crosslinks. The results highlighted strong interactions between artificial and natural crosslinks, which can cause the loss of intrinsic physical properties in the final leather products. Understanding the relationship between artificial and natural crosslinks can guide us towards the use of a more benign chemistry of producing leather in the future.
